The tumor microenvironment is a complex milieu of tumor and host cells. Host cells can include tumor-reactive T cells capable of killing tumor cells. However, more frequently the tumor and host components interact to generate a highly immune suppressive environment that frustrates T cell cytotoxicity and promotes tumor progression through a variety of immune and non-immune mechanisms. Myeloid-derived suppressor cells (MDSC) are a major host component contributing to the immune suppressive environment. In addition to their inherent immune suppressive function, MDSC amplify the immune suppressive activity of macrophages and dendritic cells via cross-talk. This article will review the cell-cell interactions used by MDSC to inhibit anti-tumor immunity and promote progression, and the role of inflammation in promoting cross-talk between MDSC and other cells in the tumor microenvironment.
populations, this article will focus on how interactions and cross-talk between the various myeloid cell populations enhance immune suppression and promote tumor growth.
Myeloid-derived suppressor cells (MDSC)
MDSC are immune suppressive immature myeloid cells that are elevated in virtually all patients and experimental mice with malignancies. MDSC include two major subpopulations of cells: monocytic and granulocytic (polymorphonuclear) MDSC, as defined by their expression of plasma membrane markers and their content of immune suppressive molecules. They enhance tumor growth through both non-immune and immune suppressive mechanisms. Their principle non-immune mechanism is the promotion of angiogenesis [4] . They inhibit both adaptive and innate anti-tumor immunity through a variety of diverse mechanisms. (i) MDSC inhibit T cell activation and function by producing reactive oxygen and nitrogen species (ROS and RNS) which down-regulate or dissociate the CD3-associated ζ chain from the T cell receptor (TcR) [5, 6] , by disrupting signaling through the IL-2 receptor [7] , and by preventing antigen/MHC peptide recognition by nitrating the TcR [8] and MHC class I [9] molecules. (ii) MDSC deplete their environment of arginine [10] and Lcysteine [11] , amino acids required for T cell activation and proliferation. (iii) MDSC disrupt T cell migration to lymph nodes by releasing ADAM 17 which downregulates the homing receptor CD62L (L-selectin) on T cells [12] and they inhibit intratumoral migration of effector CD8 + T cells by peroxynitrite modification of the chemoattractant CCL2 [13] . (iv) MDSC promote the expansion of natural T regulatory cells and drive the development of induced T regulatory cells through their production of IL-10, TGFβ, IFNγ and through CD40-CD40L interactions [14] [15] [16] .
In addition to these mechanisms which directly affect CD4 + and CD8 + T cells, MDSC also use diverse mechanisms to suppress innate immunity. They inhibit natural killer cell cytotoxicity and inhibit NK cell production of IFNγ through a cell-contact-dependent mechanism [17] [18] [19] [20] that involves membrane-bound TGFβ [17] or recognition of the NK cell receptors NKp30 [21] or NKG2D [17] . Innate anti-tumor immunity is also impacted by the effects of NKT cells on MDSC. There are two types of NKT cells: NKT I or inducible NKT (iNKT) cells facilitate tumor rejection [22] while NKT II cells promote tumor growth [23] . IL-13 production by NKT II cells increases the accumulation of MDSC [23, 24] .
Tumor-associated macrophages
In healthy individuals macrophages are key cells that promote host survival by regulating adaptive immunity, promoting wound healing, and eliminating infectious agents (reviewed in [25] ). Similar to MDSC, macrophages are a diverse population of myeloid cells and facilitate tumor progression via both immunological and non-immunological mechanisms. They form a continuous spectrum of cells that range in phenotype from M1-like or classically activated macrophages to M2-like or alternatively-activated macrophages [26] . M1-like macrophages are typically activated by IFNγ and lipopolysaccharide, and are characterized by their high expression of IL-12 and low expression of IL-10. This cytokine profile promotes the development of a type 1 T cell response which facilitates anti-tumor immunity. In addition, M1-like macrophages can be tumoricidal. In contrast, M2-like macrophages are activated by IL-4, IL-13, IL-10, and glucocorticoid hormones, produce high levels of IL-10 and low levels of IL-12, and promote tumor progression. Recent studies have identified up to seven phenotypically distinct macrophage subpopulations within tumors, demonstrating the complexity of this cell population [27] . Macrophage phenotype is driven by their local tissue microenvironment and the tumor microenvironment strongly polarizes macrophages towards an M2-like phenotype, giving rise to so-called "tumor associated macrophages" (TAMs). In addition to their immune suppressive activity, TAMs also promote tumor progression through multiple non-immune mechanisms including facilitating angiogenesis [28] , promoting tumor cell invasion and metastasis [29] , and protecting tumor cells from chemotherapy-induced apoptosis [30] .
Dendritic cells
The major function of dendritic cells (DC) is to process and present antigen for the activation of CD4 + and CD8 + T cells. Endocytosis of antigen by immature DC drives DC maturation and the subsequent presentation of antigen to T cells. However, the tumor microenvironment systemically perturbs this process by increasing the accumulation of immature DC and decreasing DC maturation [31] . As a result, DC fail to activate tumorreactive T cells and/or become tolerogenic. Defective dendritic cell function has been found in many patients with a variety of cancers, as well as in most mice with transplanted or spontaneous tumors [31] [32] [33] [34] [35] [36] [37] . Multiple conditions and factors within the tumor microenvironment, including hypoxia, lactic acid build-up, and adenosine accumulation, cause DC abnormalities (reviewed in [38] ). As discussed below, many of these same conditions also foster cross-talk between the myeloid cell populations.
Bidirectional cross-talk between MDSC and macrophages exacerbates immune suppression
In individuals with tumors, the accumulation and suppressive activity of MDSC and TAMs is initiated by factors produced by tumor cells. Many of these factors act directly on MDSC and TAMs. However, interactions between MDSC and macrophages further exacerbate suppression by these cells by altering cytokine production and expression of cell surface molecules important for cellular function (Fig. 1) .
Tumoricidal M1-like macrophages have a phenotype of IL-12 hi IL-10 lo and are activated by LPS and IFNγ. However, co-culture of LPS and IFNγ-activated peritoneal macrophages with tumor-induced MDSC for 16 h down-regulates macrophage production of IL-12 by >80% [39] . Similar to MDSC suppression of T cell activation [7, 40, 41] , MDSC-mediated down-regulation of IL-12 requires MDSC-macrophage cell contact. MDSC produce high levels of IL-10 and IL-10 is a key cytokine for regulating IL-12 transcription [42] . Cocultures of tumor-induced MDSC from IL-10-deficient mice with wild type macrophages confirmed that MDSC production of IL-10 mediated IL-12 down-regulation. Interestingly, macrophages themselves exacerbate their polarization towards an M2 phenotype because they stimulate MDSC to synthesize more IL-10 [39] .
Increased MDSC production of IL-10 and decreased macrophage production of IL-12 are also likely to impact CD4 + T cells and natural killer (NK) cells. IL-10 drives the differentiation of type 2 CD4 + T (Th2) cells, while IL-12 induces differentiation of type 1 CD4 + T (Th1) cells and NK cells. Increased production of IL-10 and the absence of IL-12 therefore favor the development of Th2 cells and a decrease in NK cells. Th2 cells counteract the development of cytotoxic CD8 + T cells (CTL). They also produce IL-4 which contributes to the development of tumor-associated macrophages [43] . Because IL-10 is also a potent inducer of CD4 + T regulatory cells (Tregs) [44] , MDSC-produced IL-10 is also likely to facilitate the development of Tregs.
MDSC and macrophage bidirectional cross-talk also alters macrophage expression of MHC class II molecules. Although not as efficient as DC, macrophages are effective antigen presenting cells and cross-prime and cross-present both MHC class I and MHC class IIrestricted peptides. Co-culture studies with tumor-induced mouse MDSC and macrophages demonstrated that MDSC significantly reduced macrophage expression of MHC II molecules. MHC II down-regulation required MDSC-macrophage cell-to-cell contact and experiments with IL-10-deficient MDSC indicated that the reduction was mediated by IL-10 produced by MDSC (Clements and Ostrand-Rosenberg, unpublished results). IL-10 may downregulate MHC II by increasing transcription of March 1, a ligase that ubiquitinates the cytoplasmic tail of MHC II molecules in monocytes [45] [46] [47] . The net result is that macrophages are less effective antigen presenting cells, further diminishing T cell activation and enhancing immune suppression/tolerance.
Studies with human monocytes/macrophages and T cells from mice with Leishmania donovani have demonstrated that IL-10 and IL-12 are at least partially regulated through the phosphatidylinositol-3-kinase (PI3K) -mammaliam target of rapamycin (mTOR) pathway. In these reports, rapamycin, an inhibitor of the mTOR pathway, reduced IL-10 production in macrophages [48] and in Th2 CD4 + T cells [49] , and increased IL-12 production in Th2 CD4 + T cells [49] . These findings raised the possibility that rapamycin may inhibit macrophage-MDSC cross-talk and reduce MDSC production of IL-10 and restore macrophage production of IL-12. MDSC-macrophage co-cultures treated with rapamycin produce less IL-10 and more IL-12. However, rapamycin is only effective if both MDSC and macrophages are present, indicating that the drug is not acting directly on MDSC to inhibit IL-10 production or directly on macrophages to promote IL-12 production (Clements and Ostrand-Rosenberg, unpublished results). These findings suggest that rapamycin or other mTOR inhibitors, may be useful therapeutic agents to diminish MDSC-macrophage crosstalk.
The bidirectional nature of MDSC-macrophage interactions significantly amplifies the levels of IL-10 and decreases the levels of IL-12. Therefore, in the tumor microenvironment where both MDSC and macrophage co-exist, IL-10 and IL-12 levels are most likely dramatically increased or decreased, respectively, relative to the cytokine level of either cell population by itself. As a result, MDSC-macrophage bidirectional cross-talk has the potential to further enhance immune suppression.
Inflammation exacerbates bidirectional cross-talk between MDSC and macrophages
The accumulation of MDSC as well as the immune suppressive mechanisms used by MDSC are exacerbated by chronic inflammation [50] [51] [52] [53] , and inflammation also increases crosstalk between MDSC and macrophages (Fig. 2) . The effect of inflammation on MDSCmacrophage cross-talk was demonstrated using two approaches to increase the inflammatory milieu. In one approach, tumor cells were transfected with the gene encoding IL-1β so the tumor microenvironment contained heightened levels of IL-1β which is upstream of many additional pro-inflammatory mediators. In a second approach MDSC were generated in IL-1 receptor antagonist-deficient (IL-1Ra −/− ) mice. In the absence of IL-1Ra, mice cannot attenuate IL-1β signaling and therefore have heightened inflammation. MDSC induced under conditions of high IL-1β ("inflammatory" MDSC) synthesize more IL-10 than MDSC induced in less inflammatory settings ("conventional" MDSC), and the presence of macrophages further increases the production of IL-10 by inflammatory MDSC [54] . This increase in IL-10 is due to macrophage production of IL-6 since co-cultures of MDSC and IL-6-deficient macrophages contain less IL-10 than co-cultures of MDSC and wild type macrophages (Beury and Ostrand-Rosenberg, unpublished results). Since IL-1β is a key regulator of IL-6 [55] , IL-1β most likely increases MDSC production of IL-10 by increasing macrophage and MDSC synthesis of IL-6 which in turn increases MDSC production of IL-10.
In addition to IL-1β, pro-inflammatory bioactive lipids also increase MDSC-macrophage cross-talk to promote immune suppression. Prostaglandin E2 (PGE 2 ), a product of arachidonic acid metabolism, binds to all four prostanoid receptors (EP-1, -2, -3, and -4) and Butaprost, a PGE 2 analogue that only binds to EP2, both drive the differentiation of MDSC from c-kit + hematopoietic progenitor cells [56] . PGE 2 and Butaprost also increase MDSC production of IL-10 in the presence of macrophages. In contrast to the effects of IL-1β, this cross-talk-mediated increase in IL-10 does not require MDSC-macrophage cell-to-cell contact, indicating that strictly soluble factors are responsible (Clements and OstrandRosenberg, unpublished data).
At a mechanistic level, the increase in IL-10 is mediated by signaling through MDSCexpressed TLR4 because MDSC from TLR4-deficient mice do not have higher levels of IL-10. Interestingly, macrophage-induced up-regulation of IL-10 by MDSC also requires signaling through TLR4 on macrophages since TLR4-deficient macrophages are unable to increase MDSC production of IL-10.
The MDSC-macrophage cross-talk experiments described above were performed in the presence of lipopolysaccharide (LPS), a known activator of macrophages. Signaling through TLR4 typically involves the binding of LPS to the LPS binding protein, which subsequently transfers LPS to the membrane-bound receptor CD14. CD14 then complexes with TLR4 to initiate TLR4 signaling and down-stream activation of NFκB [57] . CD14 levels are increased on inflammatory MDSC during cross-talk with macrophages and this increase is TLR4-dependent because TLR4-deficient inflammatory MDSC do not display elevated levels of CD14 [54] . Therefore, inflammation most likely increases CD14 levels which may make MDSC more responsive to LPS and other TLR4 activating ligands, thereby driving MDSC production of IL-10 and the resulting in immune suppression.
As a result of their increased production of IL-10, inflammatory MDSC are significantly more efficient at down-regulating macrophage production of IL-12. These findings demonstrate a direct role of inflammation in promoting M2 polarization of macrophages and thereby promoting immune evasion.
Inflammation increases MDSC-NK cell cross-talk
In addition to their cross-talk with other myeloid cells, MDSC also impact NK cells and reduce their suppressive activity [18] , and inflammation increases these effects in a unidirectional fashion [20] . NK cell differentiation is characterized by the expression of CD27 on immature NK cells and increasing expression of CD11b and KLRG-1 as NK cells mature [58] . Inflammation, via IL-1β, decreases the levels of CD27 on immature CD27 + NK cells in the bone marrow, and eliminates CD11b + KLRG-1 + NK cells in the spleen. Inflammation also decreases NK cell expression of the NK cell activating receptor NKG2D, presumably making it more difficult to activate NK cells, and reduces NK cytotoxic activity. These effects are mediated by a Ly6C low subpopulation of granulocytic MDSC which are preferentially expanded by IL-1β [20] .
In contrast to the Ly6C low MDSC population of the previous paragraph, monocytic MDSC have been reported to express the NK activating ligand Rae1 and activate NK cells through the NK receptor NKG2D. NK cells activated by MDSC subsequently kill MDSC [59] . This report and that of [20] each used only one tumor. Therefore, not enough studies have been completed using different tumor systems to determine if NK cell suppression and activation are characteristic of granulocytic Ly6C low and monocytic MDSC, respectively, or if these findings are limited to the MDSC induced by the particular tumors used in these reports.
MDSC-macrophage cross-talk reduces inflammation
Within the tumor microenvironment tumor cells and stromal cells, including MDSC and macrophages, generate a proinflammatory environment. Different tumor cells produce a variety of pro-inflammatory mediators including prostaglandins, cyclooxygenases, IL-6, TNFα, as well as many other mediators [60] . Although inflammation drives MDSC accumulation and suppressive potency [53] , and MDSC themselves produce inflammatory mediators [61, 62] , MDSC also reduce inflammation through their production of the antiinflammatory cytokine IL-10. MDSC further decrease inflammation by down-regulating macrophage production of the pro-inflammatory cytokine IL-6. This down-regulation requires MDSC-macrophage cell-to-cell contact, and is enhanced by rapamycin treatment (Beury, Clements, and Ostrand-Rosenberg, unpublished results), consistent with the concept that IL-6 is at least partially regulated by mTOR [63] .
The ability of MDSC-macrophage cross-talk to both promote and reduce inflammation may at first appear to be contradictory. However, these dual functions may exist as mechanisms to homeostatically balance the tumor microenvironment. Chronic inflammation is needed to promote the development of MDSC and TAMs; however, acute inflammation activates adaptive T cell immunity with the potential to mediate tumor rejection. By modulating the inflammatory tumor microenvironment, MDSC-macrophage cross-talk reduces the opportunity to activate tumor-reactive T cells and thereby provides an environment for immune escape and continued tumor progression.
MDSC-DC cross-talk contributes to DC dysfunction
In contrast to MDSC-macrophage interactions, there is less information on cross-talk between MDSC and DC. As discussed above, in many cancer patients the numbers of mature DC are reduced and DC function is deficient. Although multiple factors are likely to contribute to DC dysfunction, evidence is accumulating that MDSC-DC cross-talk may at least be partially responsible. In vitro studies in which mouse MDSC were differentiated from ckit + bone marrow progenitor cells in the presence of IL-4, GM-CSF, and PGE 2 demonstrated that the numbers of mature DC decreased proportionately to the increasing numbers of MDSC [56] . The differentiation of murine DC was similarly reduced when mixtures of murine myeloid cells were treated with LPS and IFNγ [64] . IL-10 produced by hepatocellular carcinoma-induced MDSC has also been shown to decrease DC production of IL-12 [65] . Since MDSC and DC share a common progenitor cell, the reduction in mature DC observed in cancer patients may be due to the skewing of the common MDSC/DC progenitor towards the preferential differentiation of MDSC at the expense of DC (Fig. 3) .
Recent in vitro studies assessing the effects of MDSC from cancer patients on DC differentiation further support a role for MDSC-DC cross-talk. Studies with MDSC from melanoma patients demonstrated that MDSC impaired DC maturation by reducing antigen uptake, preventing migration of immature and mature DC, blocking the ability of DC to induce IFNγ-producing T cells, and skewing DC cytokine production towards an antiinflammatory phenotype [66] . DC production of the pro-inflammatory cytokine IL-23 and its downstream induction of Th17 cells may contribute to the effects of MDSC on DC. IL-23 closely resembles IL-12; however, it drives a divergent immunological pathway [67] . Whereas IL-12 induces IFNγ-producing Th1 cells which mediate cytotoxic responses and tumor rejection, IL-23 promotes tumor progression. IL-23 mediates these effects by driving the proliferation and inflammatory function of Th17 cells [68] , which suppress immune surveillance and promote metastasis by impacting adaptive [69] and innate [70] immunity. To determine if MDSC impact IL-17 levels and DC production of IL-23, bone marrowderived DC from healthy mice were co-cultured with MDSC and the DC subsequently sorted and incubated with transgenic CD4 + T cells and cognate peptide. IL-23 (p19/p40) levels were significantly reduced and IL-17 (IL-17A and IL-17AF) levels were modestly reduced in the presence of MDSC-conditioned DC relative to cultures with non-MDSCconditioned DC (Sinha and Ostrand-Rosenberg, unpublished results). Because IL-23 and IL-17 promote tumor progression, these findings suggest that MDSC may reduce tumor progression by limiting IL-23 and IL-17 production. Therefore, the two studies identify apparently opposing roles for MDSC. These apparent differences could be due to the different species and subpopulations of MDSC used in the two studies since Poschke et al. used monocytic MDSC from melanoma patients and peripheral blood-derived human DC, while our study used murine granulocytic MDSC and bone-marrow-derived murine DC. In addition, Poschke et al. did not assess IL-23 or IL-17 levels. However, these findings may also represent the schizophrenic nature of MDSC as seen in their ability to limit tumor progression by activating NK cells [59] . Further studies are needed to clarify the role of MDSC in regulating DC function, and the complexity of the tumor microenvironment with respect to the milieu of cytokines and chemokines is likely to make this task difficult.
Conclusions
The tumor microenvironment includes diverse host cells that are chemoattracted and induced by tumor-produced factors to generate a highly immune suppressive environment. This review has described some of the host cell cross-talk between MDSC, macrophages, and DC that results in suppressing anti-tumor immunity. Because we are just beginning to understand the complexity of the tumor microenvironment, it is likely there are additional interactions that further promote tumor progression through currently unknown immunological and non-immunological mechanisms. Cross-talk between MDSC, macrophages, and DC promotes synergy amongst these cells and thereby amplifies the immune suppressive effects of the individual cell populations. In addition, induction of one population favors the development of the other populations, and chronic inflammation further increases suppressive potency. As a result, MDSC, macrophages, and DC in the tumor microenvironment are inextricably interconnected such that functions of one population are impacted by the quantity of the other populations. This co-dependency benefits the tumor, but also implies that therapies that down-regulate one population may also reduce the immune suppressive activity of other cell populations. This outcome is most likely applicable to MDSC and macrophages since these two myeloid populations directly impact each other in a reciprocal fashion via their production of IL-10 and IL-6, respectively. Reducing MDSC quantity or function is also likely to increase T cell activation by macrophages since macrophage levels of MHC II will be restored. Antigen presentation by DC is also likely to improve since reduced numbers of MDSC will eliminate the competition between MDSC and DC and promote the expansion and maturation of immunocompetent DC. Whether therapies that uniquely target DC will have down-stream effects on MDSC and macrophages remains unclear, since DC have not as yet been shown to impact MDSC or macrophage development or function. Regardless of whether DC affect MDSC and macrophages, future studies should be aimed at developing therapies that interfere with MDSC-macrophage-DC interactions such that the potent synergistic activity of these cells is neutralized and immune competence can be restored. Cross-talk between MDSC and macrophages polarizes immunity towards a type 2 response that promotes tumor progression. MDSC and macrophages interact with each other through a variety of soluble mediates and cell contact-dependent mechanisms that enhance the suppressive activity of each cell type. Cross-talk results in increased production of IL-10, decreased production of IL-12 and IL-6, and down-regulation of macrophage MHC II. The down-stream effects are the activation of CD4 + Th2 and T regulatory cells and decreased antigen presentation which impair cytotoxic CD8 + T cell activity and impairment of NK cell cytotoxicity. Green arrows indicate molecules that are increased; small red arrows indicate molecules that are decreased; large orange/red semi-circular arrows indicate donor to recipient cell effects. Inflammation enhances MDSC-macrophage cross-talk. Tumor and stromal cells within the tumor microenvironment secrete a variety of inflammatory mediators. For example, tumor cells produce PGE2 which activates MDSC through the EP receptors and COX2 which promotes the production of PGE2 from arachidonic acid. Tumor cells and MDSC produce VEGF, IL-6 and S100A8/A9 proteins which bind to their respective receptors on MDSC, as well as IL-1β which acts via IL-6. These mediators accentuate the cross-talk between MDSC and macrophages and further increase MDSC production of IL-10 and decrease macrophage production of IL-12. Inflammation-increased MDSC production of IL-10 is TLR4-dependent and involves up-regulation of CD14. Cross-talk between MDSC and dendritic cells impairs DC function and promotes tumor progression. Tumor-associated DC produce IL-23 which reduces tumor infiltration of CD8 + T cells and suppresses NK cell cytotoxicity, thereby promoting tumor growth. IL-23 also induces Th17 cells that secrete IL-17 which supports tumor progression. Increased tumor burden facilitates the accumulation of MDSC which in turn decrease DC maturation, antigen uptake, migration, IL-23, IL-12 and T cell IFNγ production, thereby limiting the activation of CD8-mediated anti-tumor immunity.
